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Abstract: 
This white paper briefly summarizes stellar science opportunities enabled by ultra-high 
resolution (sub-100 µ arc-sec) astronomical imaging in the visible (U/V) wavebands. Next 
generation arrays of Imaging Cherenkov telescopes, to be constructed in the next decade, can 
provide unprecedented visible band imaging of several thousand bright (m< 6), hot (O/B/A) stars 
using a modern implementation of Stellar Intensity Interferometry (SII). This white paper 
describes the astrophysics/astronomy science opportunities that may be uncovered in this new 
observation space during the next decade. 
 
 
2 
Introduction 
Much of the progress in astronomy is driven by improved imaging. Stars visible to the naked eye 
typically have angular diameters on the order of one milliarcsecond (mas), while a handful of red 
supergiants extend for a few tens of mas. If we take the Sun as our guide the scale of granular 
convection is of order 10-3 the solar radius [1], with supergranulation features a factor ~30 larger 
providing information on the magnetic field structure in the photosphere [2]. Revealing details 
across and outside stellar surfaces therefore requires imaging with resolution measured in 
microarcseconds (µas). For optical imaging, the Rayleigh criterion implies a requirement of 
kilometer-scale optical interferometers to enable meaningful surface imaging of most main 
sequence stars. Astronomical imaging with multi-kilometer baseline interferometry has 
previously been achieved only by radio interferometers operating between Earth and deep 
space, and has not yet been feasible for optical astronomy, but will be in the coming decade 
(Figure 1).  
 
SII exploits a second-order effect of light waves by measuring the quantum correlations in light 
intensity fluctuations from a source that is being observed by two or more separated telescopes.  
The correlation in light intensity fluctuations, measured as a function of telescope separation, 
measures the interferometric squared visibility, which is related to the angular brightness 
distribution of the source. SII is practically insensitive to either atmospheric turbulence or 
telescopic optical imperfections, enabling practical observations at very long (kilometer scale) 
baselines at short optical (U/V) wavelengths. This combination enables angular resolutions below 
Figure 1: Angular resolution as a function of wavelength for radio arrays, mm/sub-mm 
arrays, and optical interferometer arrays (VLTI, CHARA). The angular resolution of the 
Hubble telescope is also provided for reference. NSII refers to the Narrabri Stellar Intensity 
Interferometer [3]. CTA-N and CTA-S refer to the resolution expected for a baseline SII 
implementation using a typical layout of the future CTA Northern Site Array and CTA 
Southern Site Array [4, 5], respectively.  
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100 µas. SII telescopes only require  interconnection  using standard commercial fiber optic cable,  
allowing efficient construction of an array of one hundred or more optical telescopes distributed 
over many baseline scales, thereby fully sampling the Fourier image plane of the stellar source.  
 
To appreciate the true meaning of such optical resolution, Figure 2 shows an ‘understandable’ 
type of object: solar-type phenomena projected onto the disk of a nearby star. A hypothetical 
exoplanet is shown in transit across the star Sirius. The planet’s size and oblateness were made 
equal to that of Jupiter, including its four Galilean moons, and fitted with a Saturn-like ring. The 
stellar surface is assumed to be surrounded by a solar-type chromosphere, shining in a reddish 
emission-line, with protruding prominences and eruptions. This figure is not a simulation of any 
specific observation but an image matched to that angular resolution which is expected to be 
reached by using a significant subset of the telescopes planned for a future kilometer-scale array 
of ~10 meter diameter class optical telescopes, such as the Cherenkov Telescope Array (CTA) 
[4,5]. A discussion of the technical status and capabilities of such arrays for SII imaging will be 
presented in detail in a forthcoming reference document (to be submitted as an Astro 2020 APC 
white paper).  
 
Unexplored Discovery Space Figure 3 plots all currently available directly measured stellar 
angular sizes [8] as a function of distance. The measurements of 32 stellar angular diameters by 
the Narrabri Stellar Intensity Interferometer (NSII) [3], with baselines up to ~180m, was the 
leading catalogue of angular size measurements ≤1 mas for many years, with the catalog more 
recently expanded by phase/amplitude interferometer observations[9]. The smallest angular 
scales have recently been explored through serendipitous asteroid occultation diffraction 
patterns observed with the VERITAS array of Imaging Air Cherenkov Telescopes (IACTs). It is clear 
Figure 2: Illustrations of sub-100 µas optical resolution Left: A representative image of a 
transit of a hypothetical exoplanet across the disk of the relatively nearby star Sirius (6 mas 
diameter) imaged at 40 µas resolution. An active solar-type chromosphere is assumed above 
the stellar surface [6]. Right: A simulation of a mv = 3 star at 6000 K with hotspots between 
6500K-6800K for a 10-hour observation and a simple CTA array layout. Reproduced from [7]. 
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that imaging stellar surfaces of 1-100 solar radius stars requires telescope baselines greater than  
several hundred meters. In the next decade kilometer-baseline IACT/intensity interferometry 
arrays, will image numerous stars in an unexplored parameter space, resulting in a 
comprehensive catalog of resolved stars over a broad range of distances, extending down to solar 
radius size.  
 
Limb Darkening Limb darkening 
reduces the brightness of the edge of 
the stellar image compared to the 
central part of the disk due to the 
change in the optical depth of the 
photon path. Limb darkening is 
important for stellar modelling, and 
it also affects our understanding of 
transiting exoplanet lightcurves. 
Limb darkening is a limiting 
uncertainty in determining the 
exoplanet radius [10] and is also a 
potential systematic bias in 
determining the properties of 
exoplanet atmospheres [11]. High 
precision SII limb darkening 
measurements (< 5%) on suitable 
stars with exoplanets (e.g. 
HD209458-like) appear to be 
feasible using km-baseline 
observations. The resulting 
measurements can eliminate the 
use of model dependent limb 
darkening free parameters in stellar 
atmospheric fits [12].  
 
Starspots  Flaring in main sequence 
stars is believed to result from  
magnetic reconnection in the outer 
convective envelopes of these stars 
[13]. Magnetic reconnections are 
generally associated with 
sunspot/starspot pairs or groups, so 
the presence of flaring in stars is a reliable indicator of the presence of starspots (as well as solar 
coronae). A recent Kepler catalog study detected flaring stars in 4041 stars or 1.9% of the Kepler 
database, with the majority of these being of cool spectral type (F, G, K and M) [14]. Because hot 
stars (O, B, A) lack outer convective envelopes, they are not expected to support sunspots, 
magnetic reconnections, or stellar flares. 
Figure 3: Top: Distribution of measured stellar angular 
sizes as a function of distance for existing 
measurements using asteroid occultation, phase 
interferometry, and intensity interferometry. Bottom: 
Uncertainty in angular size as a function of angular size 
for the three observation techniques.  
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An early analysis of initial Kepler data revealed the surprising discovery of evidence for flaring in 
Kepler-discovered A stars [15,16], and additional evidence in Kepler data for the existence of 
exoplanets in orbit around rapidly rotating, spotted A stars [17]. More recent analysis of long 
cadence Kepler data has confirmed the existence of flaring in numerous A stars [18], thereby 
indicating the possibility of the existence of magnetic reconnection processes, solar coronae, and 
starspots in hot stars. The ability of SII observations to image in the U/V band allows high contrast 
imaging of cooler surface features, such as starspots, in A stars (and hotter). This unique high 
resolution imaging ability provides an important tool for the exploration of  this poorly 
understood,  unanticipated magnetic phenomena in hot stars. 
 
Rapidly Rotating Stars Rapidly rotating stars are normally hot, of spectral types O, B, and A, 
making them well suited for imaging by SII. Some stars are rotating fast enough to reduce 
effective gravity at their equator.  Fast rotation enables mass loss through the formation of 
circumstellar disks and hot polar winds, such as those in Be stars [19]. Rapid rotation also causes 
the star itself to become oblate, and induces gravity darkening. Spectral-line broadening reveals 
many early-type stars as rapid rotators. Although a combination of rapid and differential rotation 
is expected to occur in certain stars, it has yet to be observed. Initial imaging of rapidly rotating 
stars using amplitude interferometry has already revealed puzzling behavior; the rapid rotator 
Altair “shows stronger darkening along the equator, inconsistent with any von Zeipel-like gravity 
darkening prescription assuming uniform rotation” [20]. Sampling a large number of 
interferometer baselines enables the formation of model-independent images, which 
consequently also generates the capability to confirm or evolve our current theories of stellar 
evolution [21]. 
 
Circumstellar disks Rapid rotation lowers the effective gravity near the stellar equator which 
enables centrifugally driven mass loss and the development of circumstellar structures. Be-stars, 
containing Hα and other emission lines, define a class of rapid rotators with dense equatorial gas 
disks.  Observations indicate the coexistence of the disk with a variable stellar wind at higher 
latitudes, and the disks may evolve, develop and disappear over timescales of months or years. 
Some Be-stars show outbursts, where the triggering mechanism may be coupled to non-radial 
pulsations [22]. A related group is B[e] stars (e.g., HD 62623 = l Pup, mV = 4.0), where emission 
is observed in forbidden atomic lines from [Fe II] and other species. As many of these 
circumstellar spectral lines are confined to longer wavelengths ( > 600 nm), U/V band imaging 
using kilometer baseline SII may provide an opportunity to separate the hot stellar components 
from the  circumstellar disk environment. 
 
Winds from hot stars The hottest and most massive stars (O-, B-, and Wolf-Rayet types) have 
strong and fast stellar winds that are radiatively driven by the strong photospheric flux being 
absorbed or scattered in spectral lines formed in the denser wind regions. Not surprisingly, their 
complex time variability is not well understood. Stellar winds can create co-rotating structures in 
the circumstellar flow similar to structures observed in the solar wind [23]. These structures are 
potentially responsible for discrete absorption components observed in ultraviolet P Cygni-type 
line spectra.  
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Wolf-Rayet Stars and their environments γ2 Velorum is an ideal object for studies of 
circumstellar interactions, as it is the closest and brightest Wolf-Rayet star[24], and it resides in 
a binary with a hot O-type star [25]. The dense Wolf-Rayet wind collides with the less dense but 
faster O-star wind, generating shocked collision zones, wind-blown cavities and eclipses of 
spectral lines emitted from a probably clumpy wind. Bright V band emission lines motivate SII 
imaging studies in different passbands; the circumstellar emission region (seen in the C III-IV 
feature around λ= 465 nm) was found by NSII to be extended compared to the continuum flux 
from the stellar photosphere, filling much of the Roche lobe between the two binary 
components. The colliding wind binary (CWB) WR 140 (mV = 6.9, with bright emission lines) is 
another prime target for SII observations, where the hydrodynamic bow shock has been followed 
with milliarcsecond resolution by VLBA, revealing  rotation as the orbit progresses during its 7.9 
yr period.  It is worth notiing that although WR 140 has not been detected at GeV energies [26], 
it remains the prime candidate  for the study emission of VHE gamma-ray emission in CWB. 
Consequently,  SII imaging of WR140 can proceed symbiotically with CTA observations of the VHE 
emission, providing an opportunity for truly simultaneous U/V band imaging in coincidence with 
the VHE gamma-ray observations.  
 
Blue Supergiants and Related Stars Luminous blue variables occupy positions in the Hertzsprung-
Russell diagram adjacent to those of Wolf-Rayet stars, and are suitable targets for SII imaging. 
Luminous blue variables possess powerful stellar winds and are often believed to be the 
progenitors of nitrogen-rich WR-stars. Rigel (β Ori; B8 Iab), the closest blue supergiant (240 pc,  
θ ~2.7 mas), is a very dynamic object that exhibits variable absorption/emission lines and 
oscillations on many different timescales. The properties of Rigel are known to resemble those 
of the progenitor to supernova SN1987A. The remarkable luminous blue variable η Carinae is the 
most luminous star known in the Galaxy. It is an extremely unstable and complex binary object 
that has undergone giant eruptions with huge mass ejections during past centuries. The 
mechanisms behind these eruptions are not understood but, like Rigel, η Car may well be on the 
verge of exploding as a core-collapse supernova. Interferometric studies can reveal asymmetries 
in the stellar winds [27] with enhanced mass loss along the rotation axis [28] (i.e., from the poles), 
resulting from the enhanced temperature at the poles that develops in rapidly rotating stars. 
Features at the angular size of the component stars are only resolvable with km scale baselines. 
 
Binary Systems Most of the stars in the galaxy are binary or multiple star systems. Many of these 
systems have separations that are estimated only through spectroscopic observations. The 
procedures already described for measuring uniform disks and limb darkening assume we are 
dealing with a single star. In multiple star systems the correlation function is a more complicated 
function, where the correlation is a superposition of the components that will vary with time 
based on the angle the components make to the baseline. The orbital parameters can be 
determined by precisely measuring the change in interferometric visibility over time, given 
sufficient Fourier plane coverage (e.g. β Lyrae [29]). Extended SII observation campaigns can 
provide sufficient image resolution to reconstruct images of short period (days-months) binary 
systems  over a full orbit, thereby exploring the roles of mass exchange and Roche lobe overflow 
in the evolution of  binary systems, accretion discs, and High Mass X-ray Binaries [30].  
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